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Abstract 
The redox peak of ferrocenylnaphthalene diimide used as a threading intercalator shifted positively due to the formation of 
its complex with β-cyclodextrin. This complex collapsed upon the addition of double-stranded DNA, and its redox 
potential shifted negatively. This behavior was applied for the homogenous detection of a polymerase chain reaction 
(PCR) product from Porphyromonas gingivalis, which is important for the diagnosis of periodontal disease, and its 
quantitative detection was achieved with a detection limit of 2.7 nM. 
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Fluorescence DNA detection is an established technique and 
involves the immobilization of a DNA probe/sample on a solid 
surface, followed by its hybridization with the respective DNA [1]. 
This technique has benefited immensely from the discoveries of the 
TaqMan probe [2] and the molecular beacon [3], instigating a 
major paradigm shift in areas such as medicine (real-time in-situ 
DNA detection in a homogenous system), and agriculture. 
Compared to the fluorescence method, the electrochemical 
technique is simple, low cost, accurate, uses a miniaturized 
platform, and can be also carried out by the hybridization of a 
DNA probe/sample immobilized on an electrode with the 
respective target DNA [4]. The key parameters that lead to a good 
performance of this DNA sensor technique are the uniformity and 
repeatability of the immobilized DNA probes. Therefore, one of 
the challenges of this method is in the preparation of an electrode 
surface having high homogeneity. However, if a system that can 
detect the target DNA in a homogenous solution is developed, then 
it would lead to a significant breakthrough in electrochemical DNA 
detection because it is electrode independent. To this end, we 
pioneered the design of a ferrocenyl DNA probe and used it to 
detect the target DNA in a homogenous solution [5]. However, the 
current response of the ferrocenyl DNA probe decreased gradually 
because of the increase in its apparent molecular weight on 
hybridization with the target DNA. The Hsing’s group [6] 
succeeded in increasing the signal on the detection of a target DNA 
in a homogenous solution by using a ferrocenyl peptide nucleic 
acid (PNA) probe and a poly(allylamine hydrochloride) (PAH)-
modified indium tin oxide (ITO) electrode. Their method was 
based on the principle that the ferrocenyl PNA probe, which 
normally could not access the PAH-modified ITO electrode, could 
do so after hybridization. This is because, as a hybrid, it would gain 
a negative charge and interact electrostatically with the positively 
charged electrode, resulting in the generation of a current response. 
The quantification of double-stranded DNA (dsDNA) 
independently in a mixture of single-stranded DNA (ssDNA) in a 
homogenous solution is also an important challenge in the simple 
detection of a polymerase chain reaction (PCR) product in a real-
time PCR technique. DNA ligands such as Hoechst 33258 [7], 
methylene blue [8], and osmium complex [9], used in the 
electrochemical technique are good candidates for the homogenous 
 
Fig. 1. (A) Concept of an electrochemical DNA duplex 
detection mechanism by an intercalation-triggered 
decomplexation of ferrocene in ferrocenyl naphthalene diimide 
(FND) with β-cyclodextrin; and (B) chemical structure of FND 
derivatives, 1 and 2. 
 
 
 
detection of dsDNA. However, all of these ligands showed a 
decrease in the current response on hybridization with the target 
DNA; in the other words, a signal off-type detection was observed. 
Recently, we were the first to report a successful signal on-type 
detection of DNA using a naphthalene diimide derivative (FNC) 
carrying ferrocene and β-cyclodextrin (β-CD) [10]. On binding to 
dsDNA, the intramolecular complex between the β-CD and 
ferrocene parts collapsed, and consequently, the current signal 
recovered with a negatively shifted redox potential. However, the 
presence of intermolecular inclusion complexes in FNCs bound to 
dsDNA, led to a decrease in the current signal. 
To alleviate this problem, we propose a simple and rapid system 
for the detection of DNA in a homogenous solution by using 
ferrocenylnaphthalene diimide (FND) and β-CD. The principle is 
shown in Fig. 1. The electrochemical response of FND shows a 
decreasing current with positively shifted redox potential in the 
presence of β-CD, but when it collapses after binding to dsDNA, 
the current signal recovers with a negatively shifted redox potential. 
To achieve this goal, we need to select FND derivatives, which 
show decreasing affinity for β-CD upon binding to dsDNA. 
As reported earlier, we checked the performance of this system 
with a series of FND derivatives carrying linkers of different chain 
length [11] and found that 1 showed a good performance. Here, we 
compared the results obtained with 1 and 2. 
Cyclic voltammograms of 1 in the absence and presence of calf 
thymus DNA (CT-DNA) upon addition of β-CD on a gold 
electrode masked by 6-mercaptohexanol showed a decreasing 
current signal with a potential positive shift and reached a plateau 
in both cases. At both plateau conditions, the shift in potential of 1 
upon addition of β-CD in the absence of CT-DNA (283 to 342 mV 
of E1/2) was larger than that in the presence of CT-DNA (279 to 
318 mV of E1/2). These changes are smaller in the presence of CT-
DNA than in the absence of CT-DNA (Figure S1). These 
observations suggest that β-CD has difficulty in binding to the 
ferrocene moieties of 1, which are already bound to a DNA duplex. 
The electrochemical performance of 1 and 2 were compared 
from a cyclic voltammetry (CV) measurement with a masked gold 
electrode in the absence or presence of CT-DNA, before and after 
addition of β-CD (Table S2). It was found that ligand 2 could form 
its inclusion complex with β-CD with high affinity even in the 
bound form with dsDNA. This behavior was in agreement with that 
in the previous studies, where the binding affinity with β-CD was 
estimated for 2 bound to dsDNA, immobilized on an electrode [12]. 
The potential difference ΔEp values in all cases was 38–59 mV, 
and the log-log plots of the peak current versus the scan rate were 
linear under these conditions, and its slope in the case of 1 in 
different configurations (bound/unbound) with dsDNA and β-CD 
ranged between 0.5 and 0.6 (Fig. S2, Table S3). This suggests that 
the detection performance relies on the diffusion-dependent 
transfer of electrons. Accordingly, in the case of 1 bound to 
dsDNA and β-CD, the slope was 0.8, suggesting that the transfer of 
electrons relies on the adsorption of FND bound to dsDNA on the 
electrode. 
The slopes of peak current versus scan rate for 2 ranged between 
0.5 and 0.9 (Fig. S2, Table S3), suggesting the dominance of the 
diffusion and adsorption processes on the electron transfer. The 
value of the halfwave potential (E1/2) of 2 shifted positively by 32 
mV upon addition of β-CD, regardless of the presence of poly(dT) 
as ssDNA or CT-DNA as dsDNA. On the other hand, the values of 
E1/2 of 2 in the presence of β-CD were only shifted by 8 mV or 9 
mV negatively upon the addition of ssDNA or dsDNA, 
respectively. This result shows that there was no influence on the 
binding of DNA to β-CD complexed with ferrocene moieties of 2. 
In comparison, the value of E1/2 of 1 shifted positively by 
approximately 55 mV or 40 mV upon the addition of β-CD in the 
absence or presence of ssDNA, respectively. This implies that there 
was no influence of ssDNA binding to β-CD complexed with 
ferrocene moieties of 1. However, the positive shift in the value of 
E1/2 of 1 to 39 mV upon the addition of β-CD in the presence of 
dsDNA suggests that there is almost no binding of β-CD with 1 
bound to dsDNA. The value of E1/2 of 1 in the presence of β-CD 
shifted negatively by approximately 24 mV upon the addition of 
dsDNA. The binding affinity of β-CD with 1 in the absence or 
presence of dsDNA was calculated from the peak current changes 
(Fig. S3(A)) according to a method reported previously [13], and 
the binding constants of 1 were estimated as K = 1.2 × 103 M-1 
from the plot in Fig. S3(B). The plots of 1 in the presence of 
dsDNA were scattered vertically as shown in Fig. S3(B), 
suggesting a very low binding constant of β-CD with 1 bound to 
dsDNA. The binding affinities of 2 with β-CD were also estimated 
by the cyclic voltammetric titrations of β-CD with 2 in the absence 
or presence of CT-DNA (Fig. S4), and values obtained for the 
binding constants were K = 3.5 × 103 M-1 and K = 1.2 × 103 M-1, 
respectively. The former value is in agreement with the results 
reported elsewhere [12]. The binding affinities of 2 bound or 
unbound to dsDNA with β-CD were in the same order (103 M-1) of 
magnitude. However, the binding affinity of 2 bound to dsDNA 
was almost 3-times lower than that of 2 without any dsDNA. The 
difference between the binding affinities of 1 and 2 is result of the 
difference in their molecular weights, since the peak current 
correlates with molecular weight (diffusion coefficient) [14]. The 
decrease in the binding constant of 2 upon binding to dsDNA is 
reasonable because the apparent diffusion coefficient of 2 bound to 
dsDNA is lower due to the increase in the apparent molecular 
weight of 2. This result confirms that the ferrocene in 2 was 
complexed by β-CD and also bound to dsDNA, and the affinity 
was dependent on the linker chain of FND. Finally, these results 
show that the sensing method shown in Fig. 1 can be achieved 
using 1. 
To demonstrate the usefulness of this system, we applied the 
technique for the detection of PCR products from Porphyromonas 
gingivalis (P. gingivalis) [15], which is important for the diagnosis 
of periodontal disease. We carried out PCR to obtain 138-meric 
 
 
Fig. 2. (A) Square wave voltammograms of 10 μM of 1 in the 
absence (blue line) and presence of 110 nM PCR product (red 
line) in 0.1 M potassium acetate-acetic acid (AcOK-AcOH) 
buffer and 0.1 M potassium chloride (KCl) electrolyte containing 
410 μM β-CD. (B) Plot of the peak potential of 1 versus the 
concentration of PCR product from P. gingivalis (0–110 nM). 
Experiment was carried out under the same conditions as in (A). 
All of these experiments were carried out using three different electrodes, 
n = 3. 
PCR products from an anaerobic culture of P. gingivalis. The 
sequence of PCR product with the used PCR primers (under line) 
showed as follows: 5’ -GCA TGA TCT TAG CTT GCT AAG GTT 
GAT GGC GAC CGG CGC ACG GGT GCG TAA CGC GTA TGC 
AAC TTG CCT TAC AGA GGG GGA TAA CCC GTT GAA AGA 
CGG ACT AAA ACC GCA TAC ACT TGT ATT ATT GCA TGA 
TAT TAC -3’. Square wave voltammetry (SWV) experiments using 
10 μM of 1 in 0.1 M potassium acetate-acetic acid (AcOK-AcOH) 
buffer and 0.1 M potassium chloride (KCl) electrolyte containing 
410 μM β-CD were performed to measure the proper 
concentrations of the PCR products. Figure 2(A) shows the square 
wave voltammogram in the absence and presence of 110 nM (10 
ng μL-1) of PCR products. The presence of PCR products resulted 
in a 20 mV negative shift of the SWV peak, which is in agreement 
with the CV result in Table S2 (The E1/2 of 1 in the presence of β-
CD shifted negatively at 24 mV upon addition of dsDNA). Figure 
2(B) shows the SWV peak potential versus the concentration of 
PCR products. This result shows that there is a good correlation in 
the potential shift of 1 with PCR product concentration, giving a 
detection limit of 2.7 nM or 0.25 ng μL-1. This is comparable to 
that of the fluorescence system using SYBR Green I [16]. 
The performance of the electrochemical gene detection with 1 
and β-CD was compared to the real-time PCR method with SYBR 
Green using the same PCR products (Figure 3). The potentials 
were measured in SWV measurements using 100 μL of electrolyte 
containing 35 μL of purified PCR products obtained in progressive 
PCR cycles. For the electrochemical method, a potential negative 
shift was discerned just after 10 cycles, whereas an increase in the 
fluorescence signal was observed only after 25 cycles. This result 
shows that our method is highly sensitive for gene detection. 
In conclusion, we successfully developed a highly sensitive 
system for the homogenous electrochemical detection of dsDNA 
using 1 coupled with β-CD. We tested this system further for the 
detection of real-time PCR products, and from the positive results, 
it appears that in the near future, a miniaturized electrochemical 
device will revolutionize the biomedical area. 
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Fig. 3. Comparison between this electrochemical method (■) and 
real-time PCR using SYBR Green (●) as target of 138-mer PCR 
product from P. gingivalis. Peak potential shift of SWV was plotted 
in the electrochemical method with 10 μM 1 in 0.1 M AcOK-
AcOH and 0.1 M KCl containing 410 μM β-CD. All of these 
experiments were carried out using three different electrodes, n 
= 3. 
